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We have measured the 3He(e, e′pp)n reaction at an incident energy of 4.7 GeV over a wide kine-
matic range. We identified spectator correlated pp and pn nucleon pairs using kinematic cuts and
measured their relative and total momentum distributions. This is the first measurement of the ratio
of pp to pn pairs as a function of pair total momentum, ptot. For pair relative momenta between
0.3 and 0.5 GeV/c, the ratio is very small at low ptot and rises to approximately 0.5 at large ptot.
This shows the dominance of tensor over central correlations at this relative momentum.
PACS numbers: 21.45.-v 25.30.Dh
In order to understand the structure of the nucleus, we
need to understand both the independent motion of in-
dividual nucleons and the corrections to that simple pic-
ture. Single nucleon momentum distributions have been
measured in electron-proton knockout reactions, (e, e′p),
and are reasonably well understood [1–3]. However, only
about 70% of the naively expected number of protons are
seen. The missing 30% are presumably due to nucleons
in short range and long range correlations.
These nucleon-nucleon (NN) correlations are the next
important ingredient. A 12C(p, ppn) experiment [4] found
that low momentum neutrons, pn < 0.22 GeV/c, were
emitted isotropically but that high momentum neutrons
were emitted opposite to the struck proton’s missing mo-
mentum, ~pmiss, and were therefore the correlated partner
of the struck protons.
Measurements of the cross section ratios of inclusive
electron scattering from nuclei relative to deuterium,
σ[A(e, e′)]/σ[d(e, e′)], together with calculations of deu-
terium show that the momentum distributions for p >
0.25 GeV/c have the same shape for all nuclei and that
nucleons have between a 5% and a 25% probability of
being part of a correlated pair [5–8].
Thus, when a nucleon has low momentum, p < pfermi,
its momentum is balanced by the rest of the nucleus;
however, when p > pfermi, its momentum is almost al-
ways balanced by only one other nucleon and the two
nucleons form a correlated pair. These correlated pairs
are responsible for the high momentum parts of the nu-
clear wave function [7]. Note that these correlations can
be caused by either the central (L = 0) or the tensor
(L = 2) parts of the NN force.
Nucleons in nuclei overlap each other a significant frac-
tion of the time. These high momentum correlated pairs
should be at significantly higher local density than the
nuclear average. Thus, understanding correlated NN
pairs will improve our understanding of cold dense nu-
clear matter, neutron stars [9], and the EMC effect [10].
Recent measurements of direct two nucleon knockout
from carbon using protons [11] and electrons [12, 13] have
shown that the removal of a proton from the nucleus with
0.275 < pmiss < 0.550 GeV/c is almost always accompa-
nied by the emission of a correlated nucleon that carries
momentum roughly equal and opposite to ~pmiss and that
this nucleon is almost always a neutron. Quantitative in-
terpretations are complicated by the presence of other
effects, including Final State Interactions (FSI) and two-
body currents such as meson exchange currents (MEC),
which add coherently to the correlations signal [14].
A recent measurement of 3He(e, e′pp)n [15] isolated the
NN correlated pairs by knocking out the third nucleon
and observing the momenta of the spectator nucleons. It
measured the pp and pn relative and total momentum
distributions. Because the virtual photon was absorbed
on the third nucleon, the correlated pairs were spectators
and thus the effects of two-body currents were negligi-
ble. However, the continuum interaction of the spectator
pair significantly reduced the cross sections and therefore
complicated the theoretical calculations [16–18]. Thus,
this type of measurement complements the direct knock-
out measurements.
This paper reports new 3He(e, e′pp)n results at higher
energy and higher momentum transfer that provide a
cleaner measurement of two-nucleon momentum distri-
butions over a wide range of correlated pair total and
relative momenta.
We measured 3He(e, e′pp)n at Jefferson Lab in 2002
using a 100% duty factor, 5–10 nA beam of 4.7 GeV elec-
trons incident on a 5-cm liquid 3He target. We detected
the outgoing charged particles in the CEBAF Large Ac-
ceptance Spectrometer (CLAS) [19].
CLAS uses a toroidal magnetic field and six sets of
drift chambers, time-of-flight scintillation counters and
electro-magnetic calorimeters (EC) for particle identifi-
cation and trajectory reconstruction. The polar angular
acceptance is 8o < θ < 140o and the azimuthal accep-
tance is 50% at smaller polar angles, increasing to 80%
at larger polar angles. The EC was used for the elec-
tron trigger with a threshold of ≈ 0.9 GeV. Regions of
non-uniform detector response were excluded by software
cuts, while acceptance and tracking efficiencies were es-
timated using GSIM, the CLAS GEANT Monte-Carlo
simulation. Protons were detected down to pp ≥ 0.25
GeV/c. H(e, e′p) was measured and compared to the
world’s data [20] to determine our electron and proton
detection efficiencies [21].
We identified electrons using the energy deposited in
the EC, and protons using time-of-flight. We identified
3the neutron using missing mass to select 3He(e, e′pp)n
events. We eliminated target wall interactions by select-
ing particles originating in the central 4-cm of the target.
Fig. 1 shows the electron kinematics (Q2 = ~q 2 −ω2, ω is
the energy transfer, and ~q is the three-momentum trans-
fer) and missing mass distribution. For 3He(e, e′pp)n
events, the momentum transfer Q2 peaks at around 1.5
(GeV/c)2. ω is concentrated slightly above but close to
quasielastic kinematics (ω = Q2/2mp).
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FIG. 1: a) Q2 vs. ω for 3He(e, e′pp)n events. The line shows
the quasielastic condition ω = Q2/2mp. Note the large accep-
tance. b) Missing mass for 3He(e, e′pp)X. The vertical line
indicates the neutron missing mass cut.
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FIG. 2: a) 3He(e, e′pp)n lab frame “Dalitz plot.” Tp1/ω vs.
Tp2/ω for events with pN > 0.25 GeV/c. The solid lines indi-
cate the ‘leading n plus pp pair’ and the dashed lines indicate
the ‘leading p plus pn pair’ selection cuts. b) The cosine of
the pn lab frame opening angle for events with a leading p
and a pn pair. The thick solid line shows the uncut data, the
dashed line shows the data cut on p⊥leading < 0.3 GeV/c, and
the thin solid line (color online) shows the uncut three-body
absorption simulation (with arbitrary normalization).
To understand the energy sharing in the reaction, we
plotted the lab frame kinetic energy of the first proton
divided by the energy transfer (Tp1/ω) versus that of
the second proton (Tp2/ω) for events with nucleon mo-
menta pp and pn > 0.25 GeV/c (see Fig. 2a). (The
assignment of protons 1 and 2 is arbitrary. Events with
Tp1/ω + Tp2/ω > 1 are non-physical and are due to the
experimental resolution.) There are three peaks at the
three corners of the plot, corresponding to events where
two nucleons each have less than 20% of ω and the third
‘leading’ nucleon has the remainder. We selected these
peaks, as shown in Fig. 2a.
Fig. 2b shows the opening angle for pn pairs with a
leading proton (the pp pair opening angle is almost iden-
tical). Note the large peak at 180o. The peak is not
due to the cuts, since we do not see it in a simulation of
three-body absorption of the virtual photon followed by
phase space decay [22]. It is also not due to the CLAS
acceptance since we see it for both pp and pn pairs. This
back-to-back peak is a very strong indication of corre-
lated NN pairs.
Now that we have identified correlated pairs, we want
to study them. To reduce the effects of final state rescat-
tering, we required the perpendicular momentum (rela-
tive to ~q ) of the leading nucleon, p⊥leading < 0.3 GeV/c.
The resulting NN pair opening angle distribution is al-
most entirely back-to-back (see Fig. 2b). The neutron
of the pn pair is distributed almost isotropically with re-
spect to ~q. The pair average total momentum parallel
to ~q (∼ 0.1 GeV/c) is also much smaller than the av-
erage momentum transfer (∼ 1.6 GeV/c). These show
that theNN pairs are predominantly spectators and that
their measured momentum distribution reflects their ini-
tial momentum distribution.
The resulting lab frame relative ~prel = (~p1− ~p2)/2 and
total ~ptot = ~p1+ ~p2 momenta of the NN pairs are shown
in Fig. 3. The cross sections are integrated over the ex-
perimental acceptance. Radiative and tracking efficiency
corrections have been applied [21]. The systematic un-
certainty is 15%, primarily due to the uncertainty in the
low momentum proton detection efficiency.
The pp and pn pair momentum distributions are sim-
ilar to each other. The prel distributions rise rapidly
starting at ≈ 0.25 GeV/c (limited by pN ≥ 0.25 GeV/c),
peak at ≈ 0.4 GeV/c, and have a tail extending to
≈ 0.7 GeV/c. The ptot distributions rise rapidly from
zero, peak at ≈ 0.25 GeV/c, and fall rapidly. Both dis-
tributions have an upper limit determined by the cut
TN/ω ≤ 0.2. These distributions are also similar for both
data sets (Q2 ∼ 0.7 [15] and 1.5 GeV2). The Q2 ∼ 1.5
GeV2 pp prel distribution peaks at slightly larger momen-
tum than either the pn or lower Q2 data.
We also compared our data to a one-body calculation
by Golak, integrated over the experimental acceptance,
that includes an ‘exact’ calculation of the fully correlated
initial state wave function (wf), absorption of the virtual
photon by the leading nucleon and ‘exact’ calculations of
the continuum wf of the spectator NN pair [23]. The
calculation does not treat the rescattering of the leading
nucleon. Including the continuum wf of the NN pair
(i.e., not treating those two outgoing nucleons as plane
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FIG. 3: a) Cross section vs. pn pair prel. Solid points show
these data (Q2 ∼ 1.5 GeV2), open squares (blue online) show
Q2 ∼ 0.7 GeV2 data [15], dashed histogram shows the Golak
one-body calculation [23], thin solid line shows the Laget one-
body calculation and the thick solid line (red online) shows
the Laget full calculation [18, 24, 25]; b) the same for ptot;
c) and d) the same for pp pairs. All quantities are in the
lab frame. The Q2 ∼ 0.7 GeV2 data have been reduced by a
factor of 5.3 (the ratio of the cross sections) for comparison.
waves) reduces the cross section by about an order of
magnitude. Note that this calculation is not strictly valid
for prel > 0.35 GeV/c (the pion production threshold).
This calculation significantly underestimates the data.
The one-body calculation of Laget [18, 24, 25], using a
diagrammatic approach, sees the same large cross section
reduction due to the NN pair continuum wf. His one-
body calculation describes the pn pair prel distribution
well. Laget’s full calculations also indicate large three-
body current (MEC or IC) contributions for both pn and
pp pairs. His three-body currents improve the agreement
for pp pairs and worsen the agreement for pn pairs.
The ratio of pp to pn spectator pair integrated cross
sections is about 1:4. This is approximately consistent
with the product of the ratio of the number of pairs and
σep/σen, the ratio of the elementary ep and en cross sec-
tions for pn and pp pairs. This ratio appears inconsistent
with the pp to pn pair ratio of 1:18 measured in direct
pair knockout in 12C(e, e′pN) [13] at 0.3 < prel < 0.5
GeV/c and at relatively low ptot (< 0.15 GeV/c) .
In order to study this apparent discrepancy we calcu-
lated the ratio of the pp to pn cross sections integrated
over 0.3 < prel < 0.5 GeV/c as a function of ptot (see
Fig. 4). The ratio has been multiplied by 1.5 to ap-
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FIG. 4: Ratio of pp to pn spectator pair cross sections, in-
tegrated over 0.3 < prel < 0.5 GeV/c. The points show the
data, the solid histogram shows the Golak one-body calcula-
tion [23] and the dashed histogram (color online) shows the
ratio of the Golak pp and pn bound state momentum distri-
butions. The dotted line at 0.5 shows the simple-minded pair
counting result. The data and the one-body calculation have
been multiplied by 1.5 to approximately account for the ratio
of the average ep and en elementary cross sections.
proximately account for the ratio of the average ep and
en cross sections. The ratio is very small for ptot < 0.1
GeV/c, consistent with the 12C(e, e′pN) results, and in-
creases to 0.4–0.6 for ptot > 0.2 GeV/c. The measured
ratio increases starting at ptot ∼ 0.1 GeV/c, in contrast
with that calculated from the bound state wf, which in-
creases starting at around 0.3 GeV/c. The ratio is con-
sistent with Golak’s one-body calculation. The ratio at
large ptot is also consistent with simple pair counting.
This increase in the pp to pn ratio with ptot is a sig-
nal for the dominance of tensor correlations. At low ptot,
where the angular momentum of the pair with respect to
the rest of the nucleus must be zero, the pp pairs pre-
dominantly have (isospin,spin) (T, S) = (1, 0) [26]. They
are in an s-state, which has a minimum at prel ∼ 0.4
GeV/c. The pn pair is predominantly in a deuteronlike
(T, S) = (0, 1) state. Due to the tensor interaction, the
pn pair has a significant d-state admixture and does not
have this minimum [26–28]. This leads to a small ratio
at small ptot. As ptot increases, the minimum in the pp
prel distribution fills in, increasing the pp to pn ratio.
To summarize, we have measured the 3He(e, e′pp)n
reaction at an incident energy of 4.7 GeV over a wide
kinematic range, centered at Q2 ∼ 1.5 GeV2 and w ≈
Q2/2mp. We selected events with one leading nucleon
and a spectator correlated NN pair by requiring that
the spectator nucleons each have less than 20% of the
transferred energy and that the leading nucleon’s mo-
mentum perpendicular to ~q be less than 0.3 GeV/c. The
prel and ptot distributions for spectator pp and pn pairs
are very similar to each other and to those measured at
lower momentum transfer. The ratio of pp to pn pair
5cross sections for 0.3 < prel < 0.5 GeV/c is very small
at low ptot and rises to approximately 0.5 at large ptot.
Since pp pairs at low ptot are in an s-state, this ratio
shows the dominance of tensor over central correlations.
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